We present a new application for the use of s m a l l immunogold particles (~1.4-nm diameter) for ultrastructural immunocytochemistry. These small gold particles have been used on ultra-thin cryosections in conjunction with a silver enhancement procedure that does not degrade ultrastructural detail. We have used the human neutrophil as a model system, in which known protein markers of two different cytoplasmic granules were localized, in the development of this procedure. The 1.4-nm immunogold particles coupled with silver enhancement yield intense labeling for localization of lactoferrin, a marker for the specific granules, and myeloperoxidax, a marker for the azurophil granules. Double labeling in which one antigen was visualized with 1.4nm gold and silver enhancement and a second antigen was detected with mlloidal gold-IgG on the same ultra-thin ~ryosection was successfully achieved. We also show that 1.4nm diameter immunogold particles penetrate into cryoseftioned neutrophils to a greater extent than 5-nm or 10-nm immunogold probes. These results show that small immunogold particles, along with silver enhancement, are a useful addition to the immunolabeling methods available for use with ultra-thin cryosections. ( J Hisrochem Cyrochem 1994) 
Introduction
Colloidal gold immunolabeling techniques have been important in high-resolution localization of a number of proteins in cells and tissues. However, there are certain limitations to this approach. For example, pre-embedding techniques for immunocytochemical localization of intracellular antigens with colloidal gold probes (>5 nm in diameter) are often limited owing to poor penetration of the colloidal gold into cells or tissues. These problems can be reduced by the use of smaller gold particles (zl-nm diameter) which penetrate more readily than the larger particles.
Ultrastructural immunocytochemical labeling of sectioned material [e.g., ultrathin cryosections (Tokuyasu, 1980) ; plastic resin sections (Roth et al., 1978) ] minimizes the penetration problems associated with the use of colloidal gold particles in cells and tissues, since antigens at the cut surface are available for binding by primary antibodies and colloidal gold-secondary detection systems. However, penetration of antibodies and gold particles remains an issue when ultra-thin cryosections are used (Slot et al., 1989) , and in resin-embedded tissues only antibodies exposed by the sectioning process can be detected (Bendayan, 1984) . The colloidal gold particles that are routinely used (i.e., 5-20 nm in diameter) probably do not penetrate equally well into sections for detection of antigens away from the cut surface of ultra-thin cryosections.
Immunogold particles (i.e., colloidal gold particles to which species-specific secondary antibodies are adsorbed) may have certain limitations. Recent studies have shown that dissociation of antibodies from colloidal gold may be common Kramarcy and Sealock, 1990) . Dissociation of antibody from colloidal gold can lead to lowered labeling intensity, since free antibody in these preparations can compete with antibody still bound to the colloidal gold. Small gold particles (1.4 nm in diameter) to which whole IgG molecules or fragments of antibody molecules (i.e., Fab) are covalently attached have been described (Hainfield and Furuya, 1992) . These 1.4-nm gold particles with either IgG or Fab have been used recently as secondary antibodies to localize tubulin in microtubules. After silver enhancement, this labeling procedure yielded results comparable with immunofluorescence localization of microtubules . In that same study, 1-nm gold to which IgG had been adsorbed (not covalently attached) failed to yield results equivalent to immunofluorescence. Therefore, 1.4-nm gold probes with covalently attached secondary antibodies, in conjunction with silver enhancement procedures, are a useful reagent for pre-embedding ultrastructural immunocytochemistry VandrE and Burry, 1992) .
The 1.4-nm immunogold particles are not readily visualized by routine transmission microscopy unless the size of the particles is increased. This is typically achieved with a silver enhancement procedure in which gold catalyzes the silver reduction that leads to the accumulation of silver around the gold particles (Danscher, 1983) . Improved silver enhancement protocols that are compatible Kith the preservation of structural detail required for electron microscopy have bene introduced (Burry et d., 1992) .
We have used human neutrophils as a model system to investigate the possibility that the 1.4-nm immunogold probes would be useful for immunocytochemical localization of antigens in ultrathin cryosections. Our results show that 1.4-nm immunogold particles and silver enhancement can be applied to ultra-thin cryosections.
Materials and Methods
Reagents. The following chemicals were purchased from Sigma (St Louis, MO): dextran, gelatin (Type A), bovine serum albumin, Histopaque 1083, Hanks' balanced salt solution, poly-~-lysine, phosphotungstic acid (free acid), diaminobenzidine, H202. 2-(N-morpholino)-ethanesulfonate, sucrose, gum arabic, bovine IgG, HEPES, and sodium thiosulfate. Paraformaldehyde was obtained fromJT Baker (Phillipsburg, NJ). Glutaraldehyde (25% aqueous), Mowiwol, and os04 were from Polysciences (Warrington, PA). Formvar (powder) and ethylene dichloride were obtained from Ladd Research (Burlington, VT). Non-fat dry milk was from Carnation (Los Angeles, CA). Silver lactate was from Fluka (Ronkonkoma, NY). 1.4-Phenylenediamine was from Aldrich (Milwaukee, WI). All other chemicals were of at least reagent grade.
Rabbit anti-human lactoferrin (IgG fraction) was obtained from Cappel-Organon Teknika (Durham, NC). Mouse monoclonal anti-human myeloperoxidase was from Dako (Carpinteria, CA), and mouse monoclonal complement decay-accelerating factor was obtained from Wako (Richmond, VA). Texas red-labeled goat anti-rabbit F(ab)2 was from Jackson Immunoresearch (West Grove, PA), and FIE-labeled goat-anti mouse F(ab)z was from Zymed (San Francisco, CA). Goat anti-rabbit IgG adsorbed to 5-nm, 10-nm, or 15-nm colloidal gold (AuroProbe EM) was from Amersham (Arlington Heights, IL); in addition, goat anti-rabbit IgG adsorbed to 1-nm, 5-nm, and 10-nm colloidal gold was obtained from Zymed. Gold particles of 1.4 nm to which affinity-purified goat anti-rabbit Fab fragments or goat anti-mouse Fab fragments and goat anti-rabbit IgG were covalently attached were from Nanoprobes (Stony Brook, NY). All immunological reagents were handled in accordance with the manufacturers' recommendations and used within the expiration date for each product.
CeIl Isolation. Whole human blood was collected from healthy adult men after obtaininginfomed consent. Neutrophils were purified from whole blood in the unstimulated state as recently described (Cain et al., 1993) .
Preparation of Cryosections. Purified cells were fxed in suspension with 4% paraformaldehyde in 100 mM sodium cacodylate buffer, pH 7.2, containing 5% sucrose for 90 min at 22'C. Cells were then washed three times in the same cacodylate buffer by centrifugation. After these washes the cells were embedded by centrifugation in 10% gelatin in 100 mM cacodylate buffer containing 5% sucrose. The gelatin was solidified, cut into small pieces, and then infiltrated with 2.3 M sucrose in 100 mM cacodylate buffer for 2 hr to overnight at 4'C. The blocks were then cut as ultra-thin cryosections (=90 nm thick) and collected on EM grids or cut as semi-thin sections (~0 . 5 pm thick) and collected on coverslips as recently described (Takizawa and Robinson, 1993,1994) . Both grids and coverslips were previously coated with 0.25% poly-L-lysine.
Immunocytochemistry on Ultra-thin Cryosections with Colloidal Gold-IgG Probes. Cryosections on EM grids were incubated overnight at 4°C in a solution containing 1% non-fat dry milk in PBS to block non-specific protein-binding sites; 0.02 % sodium azide was also present. Grids were incubated with anti-lactoferrin IgG (20 pg/ml) in 1% non-fat milk and bovine IgG (1 mg/ml) in PBS with 0.02% azide for 3 hr at 22'C. The grids were subsequently washed in five changes of PBS and then incubated with goat anti-rabbit IgG-coated colloidal gold particles (5-nm, lo-nm. or 15-nm diameter) in PBS containing 1% non-fat milk and bovine IgG (1 mg/ml) for 2 hr at 22'C. The grids were subsequently washed in five changes of PBS. The cryosections were then post-fixed with 2 % glutaraldehyde in PBS for 10 min at 22°C. After fixation, cells were washed in PBS and then distilled water before negative staining with phosphotungstic acid by the method of Sakai et al. (1986) as recently employed by us (Takizawa and Robinson, 1993) . Controls received the same treatment except for omission of the primary antibody.
hunocytochemistry on Ultra-thin Cryosections with 1.4-MI Immunogold Probes. Cryosections were incubated with anti-lactoferrin as above. Other grids were incubated with anti-myeloperoxidase (diluted 1:50) in the same manner as with anti-lactoferrin. The anti-lactoferrin samples were then incubated with 1.4-nm gold particles to which affinity-purified goat anti-rabbit Fab was covalently attached. The anti-mydoperoxidase samples were incubated with 1.4-nm gold particles to which goat anti-mouse Fab was covalently attached. The 1.4-nm gold probes were diluted 1:50 or 1:lOO in the same solution as the colloidal gold (see above). Grids were incubated with these gold particles for 2 hr at 22'C. The samples were washed five times with PBS and then five additional times in 50 mM 2-(N-morpholin0)-ethanesulfonate buffer (pH 6.1) to remove chlorine (RW Burry, personal communication). The 1.4-nm gold particles were then silverenhanced by the procedure of Burry et al. (1992) . After fixation to stop the silver enhancement reaction, the grids were washed in PBS and then distilled water. The cells were then negatively stained as described above. Controls received the same treatment except for omission of the primary anti bodies.
Double Labeling on Ultra-thin Cryomions with 1.4-nm Immunogold and Colloidal Gold-IgG. Double-labeling procedures were carried out to determine the feasibility of combining immunolocalization with 1.4-nm immunogold particles and larger colloidal gold-IgG probes on the same cryosection. Initially, cryosections were incubated with anti-complement decay-accelerating factor (DAF) (diluted 1:50). Sites of anti-DAF binding were detected with 1.4-nm gold particles labeled with goat anti-mouse Fab and then rendered visible with the silver enhancement procedure as described above. The cryosections were subsequently incubated with antilactoferrin and 10-nm gold-IgG as described above. Controls received the same treatment except for omission of both primary antibodies.
Assessment of Penetration of Different-sized Immunogold Partides into Cyrosectioned Neutrophils. Cryosections (=1-2 pm thick) of neutrophils were transferred to an Epon "plate" that had been coated with 0.25 Oh poly-L-lysine. The plate was made by partially filling a flat silicone rubber embedding mold with Epon and then polymerizing the resin. The cryosections were blocked overnight with 1% BSA. The sections were then incubated with anti-lactoferrin (as above) for 3 hr at 22'C and then washed five times in PBS. The sections were then incubated with the various immunogold probes (at 1:25 dilution) for 2 hr at 22°C before washing five times in PBS. Control sections were treated in the same manner except that the primary antibody was omitted. Sections receiving 1.4-nm or 1-nm immunogold were subjected to the silver enhancement reaction (see above). The sections were post-fixed in 2% glutaraldehyde in 100 mM cacodylate buffer, pH 7.3, for 30 min at 22°C. The sections were subsequently dehydrated in ethanol and embedded with Epon without treatment with 0~0 4 .
The embedded cryosections were thin-sectioned and counterstained with lead and uranyl acetate before examination. poly-L-lysine-coated formvar grids. These grids were examined directly or expoxd to the silver enhancement procedure for various times (e.g.. 1-5 min) and then examined by electron microscopy, thus permitting rapid determination of the optimal development rime for each batch of silver enhancement solution.
Immunofluorescence. Immunofluorescence localization of lactoferrin and mplopcroxidasc was carried out on O.5-wm cryoxctions. Incubation with these primary antibodies was the same as that used for the ultrastructural immunocytochemistry of ultra-thin sections. The secondary antibodies cmploytd were FK-labeled goat anti-mouse F(ab)2 fragments for detection of anti-mploperoxidax and Texas red-labeled goat anti-rabbit F(ab)2 for visualization of anti-lactoferrin. The immunofluorescence preparations were washed extensively and mounted on glass microscope slides in Mowiwol containing 1 mglml phenylenediamine to retard phorobleaching. Control sections received rhc same treatment except for omission of the primary antibodies.
Myelopemxidasc Enzyme Cytochemistry. Localization of mycloperoxidase (MPO) activity was achieved using the diaminobenzidine reaction of Graham and Karnovsky (1966 
Results

Time Course for Silver Enhancement
The time course for enhancement of 1.4-nm gold particles adsorbed to formvar films was determined. The 1.4-nm particles were not detectable by standard transmission EM at the magnification used (direct magnification ~45,000) ( Figure 1A) . However. the particles become visible within 1 min of enhancement ( Figure 1B) and gradually increased in size for up to 3 min ( Figures IC and ID) . At 4-5 min of enhancement there was a more pronounced increase in the size of the particles (Figures IE-IF) . The size of the silver- 
Localization of Lactoferrin by Immunofluorescence
The distribution of lactoferrin in unstimulated neutrophils was determined by immunofluorescence with 0.5-pm cryosections. Lactoferrin was demonstrated in an abundant granule population (i.e., specific granules) (Figure 3) .
Ultrastructural Localization of Lactoferrin with Colloidal Gold Immunoprobes
Lactoferrin was demonstrated in ultra-thin cryosections with colloidal gold-IgG as the secondary detection system. Lactoferrin was detected in an abundant granule population with each size of colloidal gold probe employed ( Figures 4A-4F ). It should be noted, however, that the intensity of the labeling had an inverse relationship to the size of the colloidal gold particles (Table 1) . Controls lacking primary antibody did not display labeling with any of the different-sized colloidal gold particles used (data not shown).
Ultrastructural Localization of Lactofe rrin with 2.4-nm Immunogold and Siluer Enhancement
The distribution of lactoferrin in ultra-thin cryosections was demonstrated with 1.4-nm immunogold particles as the secondary detection system. The particles were then visualized after silver enhancement and were present in an abundant granule population. With this technique the specific granules were heavily labeled and the labeling was readily apparent even at low magnification ( Figures  4G-4H ). Controls lacking primary antibody did not display immunolabeling after application of 1.4-nm immunogold and silver enhancement (see Figure 5D ).
Localization of Myeloperoxidase by Three Dzflerent Methods
Myeloperoxidase (MPO) was localized by immunofluorescence procedures on 0.5-pm cryosections. MPO was present in a granule population that is less numerous than the lactoferrin-positive granules (i.e., azurophillic granules) ( Figure 5A ). Ultrastructural enzyme cytochemical localization of MPO confirmed that this enzyme was present within the matrix of a granule ( Figure 5B ). We also used 1.4-nm immunogold particles as the secondary detection system for MPO localization on ultra-thin cryosections. This method resulted in intense labeling of the matrix of the MPO-positive gran- ules after silver enhancement ( Figure 5C ). Control preparations in which the primary antibody was omitted did not have appreciable immunolabeling after application of 1.4-nm immunogold and silver enhancement ( Figure 5D ).
Doable Labeling on Ultra-thin Cryosections with 1.4-nm Immunogold and Colloidal Gold-IgG Probes
Double labeling of DAF and lactoferrin was achieved on the same ultra-thin cryosection. In unstimulated neutrophils, DAF was demonstrated with 1.4-nm gold followed by silver enhancement and was found to be in a small granule-like compartment distinct from the lactoferrin-containing specific granules that were labeled with 10-nm colloidal gold ( Figure 6A ). DAF, a relatively lowabundance protein in neutrophils, was somewhat difficult to detect when 10-nm gold was used ( Figure 6B ). However, DAF was readily demonstrated with the 1.4-nm gold probe.
Assessment of Penetration of Dzflerent-sized Immunogold Particles into Cyrosectioned Neutrophils
The lactoferrin-positive specific granules were positively labeled at the cut surface with each of the immunogold probes employed (Figure 7) . However, the 1.4-nm gold-Fab particles labeled specific granules throughout the thickness of the sections ( Figure 7A ). The 1.4-nm and the 1-nm gold-IgG particles also detected specific granules throughout the sections, although the intensity of the labeling appeared to be less than that observed with 1.4-nm gold-Fab (data not shown). The 5-nm gold-IgG particles were largely restricted to the cut surface, although there was limited penetration into specific granules away from the cut surface (Figure 7B) . The 10-nm gold-IgG particles were completely restricted to the cut surface of the specific granules, with no evidence of The granules display heavy labeling at the cut surface (arrowheads). There are some gold particles interior to the cut surface of these granules (arrows): however, granules away from the cut surface remain unlabeled. (C) Portion of the cryosectioned neutrophil in which localization of lactoferrin was determined with 10-nm gold-lgG. Labeling is restricted to the cut surface (arrowheads), with little if any penetration of the marker into the granules. Ear = 0.1 vm. penetration into the sections. Control preparations lacked labeling with any of the immunogold probes employed (data not shown). A summary of these results is presented in Figure 8 .
Morphometry
The labeling density for detection of lactoferrin in the specific granules of neutrophils was determined with 5-nm. IO-nm, and 15-nm gold-IgG as the secondary antibody. We found that there is an inverse relationship between these colloidal gold particles and labeling density (Table 1) .
Discussion
Immunocytochemistry continues to be important from a conceptual as well as a practical viewpoint in experimental biology and pathology. Therefore, improvements and alternative procedures in any of the collective methodologies that come under the heading of immunocytochemistry are desirable. One such addition to immunocytochemical methodology is the use of 1.4-nm immunogold particles for localization of antigens on ultra-thin crvosections. Immunocytochemical labeling of ultra-thin cryosections with colloidal gold probes is a powerful approach for high-resolution localization of cell antigens. Several conclusions of general importance in understanding cell structure and function are based in part on results obtained by this approach. There are, however, certain difficulties associated with this technique that should be considered when quantitative results are desired. Only in a small number of studies is the density of gold particles related to the biochemically determined concentration of antigen in a rigorous manner (e.g., Griffiths and Hoppeler, 1986) . In that study, labeling efficiency varied significantly depending on the compartment that was being labeled. That is, when a single antigen (Semliki Forest virus spike protein) was localized, the labeling efficiency was higher in the ER than in the Golgi or the viral particles in the same cell. This was explained by steric hindrance, in which binding of one gold probe interferes with the binding of another immunogold to an adjacent antigen, and by variation in penetration of label into different parts of the section. The labeling efficiency for the cell surface protein 5'-nucleotides was found not be greater when cells were labeled in suspension than when frozen thin sections were labeled (Howell et al., 1987) . Differential penetration of immunogold into ultra-thin cryosections has been examined further in model systems and in cells: it was found that the matrix density can affect the labeling efficiency (Slot et al., 1989) .
In other studies, labeling density has been shown to decrease as the size of the colloidal gold probe increases: this was explained as the relatively poorer penetration into the cryosections with increasingly larger gold particles (Slot and Geuze, 1981) . In the hu-man neutrophil system we have verified the observation that smaller colloidal gold particles yield higher labeling density in ultra-thin cryosections. In this case we examined a single organelle, the specific granule, where the labeling density for lactoferrin was inversely related to the size of the colloidal gold particles used (i.e., 5 nm 2 10 nm 2 15 nm) (see Table 1 ). However, this relationship between the size of colloidal gold particles and labeling density is not restricted to ultra-thin cryosections but occurs with samples embedded in various resins as well as in samples labeled before embedding and those prepared for SEM without embedment. Furthermore, this relationship is not restricted by the detection system (e.g., IgGvs protein A) nor by the antigen being detected. These reports are summarized in 'liable 2.
We used 1.4-nm immunogold to determine ifthese immunogold particles can be used with ultra-thin cryosections. We reasoned that 1.4-nm immunogold particles would penetrate to a greater extent than 5or 10-nm colloidal gold particles and would thus result in useful immunolabeling. We now present clear evidence that 1.4nm immunogold particles penetrate farther into cryosections than any of the larger gold particles employed. It should be emphasized that in this experiment the 1.4-nm immunogold particles penetrated completely throughout the 1-2-pm thick sections. The ultra-thin cryosections used in other parts of this study are "90 nm in thickness; therefore, the 1.4-nm immunogold particles would be expected to penetrate throughout these sections as well.
The 1.4-nm gold particles cannot be readily visualized by routine transmission EM of cells and tissues. These gold particles can, however, be observed after silver enhancement, which increases their size by deposition of silver around the gold particles. Older methods of silver enhancement, which were developed primarily for use in light microscopy, degrade ultrastructural detail when applied to intact cells and tissues. This disadvantage has been overcome to a large extent by the development of alternative procedures that operate at neutral pH Lah et al., 1990) . We used the silver enhancement protocol of Burry et al. (1992) and found that it was compatible with ultra-thin cryosections, since the ultrastructural detail was similar to that observed without silver enhancement. Furthermore, this silver enhancement procedure did not cause destruction of or masking of antigenic sites, since detection of a second antigen was successful after the silver enhancement reaction in double-labeled preparations.
The silver enhancement of 1.4-nm gold is time dependent. To determine the optimal time of development, we adsorbed 1.4-nm gold particles to poly-L-lysine-treated, formvar-coated EM grids and then used the silver enhancement protocol. Results from one such preparation show that the silver enhancement process is rapid but that it does not appear to be entirely linear over the development times employed (see Figures 1 and 2) . The lack of linearity in the silver enhancement process imposes certain limitations. At present, it is necessary, as a practical matter, to determine the rate of silver enhancement of 1.4-nm gold on grids (see above) before the silver enhancement reaction is carried out on cryosections. Quantification of immunolabeling by counting silver-enhanced gold particles in ultra-thin cryosections was difficult because the larger particles that were often observed most likely represent fusion of several small particles as the silver enhancement reaction proceeds. Therefore, particle counting may lead to an underestimate of immunolabeling density. We are hopeful that the silver enhancement process can be modified and become more linear with further refinements.
The 1.4-nm immunogold particles have the secondary antibody covalently attached to the gold rather than being adsorbed as in Table 2 
. Summary of studies showing that the size of immunogold particles can influence labeling density
IgG-colloidal gold. Recent work has shown that antibody molecules can dissociate from IgG-colloidal gold on storage, leading to reduced immunolabeling Kramarcy and Sealock, 1990) . We therefore asked whether the employment of 1.4-nm immunogold along with silver enhancement would result in useful immunolabeling patterns on frozen thin sections. We compared immunofluorescence with 1.4-nm gold for localization of lactoferrin and immunofluorescence and enzyme cytochemktry with 1.4-nm gold for the localization of MPO in human neutrophils. In addition, comparison of localization patterns of a relatively low-abundance protein (i.e., DAF) with 1.4-nm immunogold and colloidal gold showed that 1.4-nm gold and silver enhancement resulted in more intense labeling than did colloidal gold.
We conclude from these results that use of 1.4-nm immunoprobes and silver enhancement can yield reliable immunolabeling on ultra-thin cryosections. The 1.4-nm immunogold labeling procedure described here should be a useful addition for investigators using frozen thin sections. We do not view this method as replacing the already valuable conventional colloidal gold techniques but rather as an alternative approach that can be used in addition to these methods to better determine the localization of cell antigens. This method may be particularly useful for localization of lowabundance antigens. Furthermore, use of 1.4-nm immunogold particles can be combined with colloidal gold in double-label procedures.
